Abstract An attempt has been made to identify the chemical processes that control the hydrochemistry of groundwater in the coastal aquifers of Thiruvallur coastal village of Thiruvallur district, Tamil Nadu, south India. The parameters such as pH, EC, TDS and major ion concentrations of Na, K, Ca, Mg, Cl, HCO 3 , SO 4 and NO 3 of the groundwater were analyzed. Abundances of these ions are in the following order Na [Ca[Mg [K and HCO 3 [ Cl[SO 4 [NO 3 . The dominant water types are in the order of NaCl[ mixed CaMgCl [ CaHCO 3 [ CaNaHCO 3 . Water types (mixed CaHCO 3, mixed CaMgCl and NaCl) suggest that the mixing of high salinity water caused from surface contamination sources such as irrigation return flow, domestic wastewater and septic tank effluents with existing water followed by ion exchange reaction processes, silicate weathering and evaporation are responsible for the groundwater chemistry of the study area. The above statement is further supported by Gibbs plot where most of the samples fall within the evaporation zone.
Introduction
Hydrogeological and geochemical studies are the basis for scientific groundwater resource management. Due to the ever increasing demand for potable and irrigation water and inadequacy of available surface water, the importance of groundwater is increasing exponentially every day (World Bank Report 2010; Selvam and Sivasubramanian 2012) .
Seawater intrusion is one of the most common problems in almost all coastal aquifers around the globe Goldenberg 1997, 1998; Sivakumar and Elango 2008; Chidambaram et al. 2009; Mondal et al. 2010 Mondal et al. , 2011 Srinivasamoorthy et al. 2011 ). This phenomenon can be explained by a variety of conditions such as gentle coastal hydraulic gradients, tidal and estuarine activity, sea level rises, low infiltration, excessive withdrawal and local hydrogeological conditions (Sarma et al. 1982; Longe et al. 1987; Rajmohan et al. 2000; Barret et al. 2002; Saxena et al. 2004; Kacimov et al. 2009 ). The common method for assessing seawater intrusion through an aquifer in coastal belts is the periodic analysis of groundwater (Todd 1980; Kim et al. 2009; Mondal et al. 2010 Mondal et al. , 2011 Krishnakumar et al. 2012) . The chemistry of groundwater is an important factor that determines its use for domestic, irrigation and industrial purposes. Interaction of groundwater with aquifer minerals through which it flows greatly controls the groundwater chemistry.
The geochemical properties of the groundwater depend on the chemistry of water in the recharge area as well as on the different geological processes that take place in the subsurface. The groundwater chemically evolves due to the interaction with aquifer minerals or by the intermixing among the different groundwater reservoirs along the flow path in the subsurface (Domenico 1972; Wallick and Toth1976) . Jalali (2005) reported that the dissolution of carbonate minerals, cation exchange and weathering of silicates control the groundwater chemistry in semiarid region of western Iran. Degradation of groundwater quality in the coastal region generally occurs due to natural processes such as saline water intrusion, wind-driven sea spray and marine aerosols deposited on the top soil, evaporation and interaction of groundwater with brines and sedimentary formation (Sanford et al. 2007) . Groundwater is the most important source for water supply in the coastal regions of Thiruvallur district. Groundwater chemistry of a region is generally not homogeneous and is controlled by geochemical processes, flow and recharge processes, evaporation, evapotranspiration and possible presence of contamination sources. Identification of various geochemical processes will help to understand the causes for changes in water quality due to the interaction with aquifer material, especially in weathered rock formations. An attempt has been made in this study to evaluate the results of hydrogeochemical study on the coastal part of Thiruvallur district of Tamil Nadu, south India.
Study area
The study area is situated in the north of Chennai city comprising blocks such as Pulal, Sholavaram, Minjur, (Fig. 1) . The total areal extent of the present study area is 1,402.79 sq.km. It is surrounded by Poonamallee and Poondi blocks in the west, Kancheepuram and Chennai districts along the south, Andhra Pradesh state in the north and Bay of Bengal along the east. The study area enjoys tropical climate. The annual mean minimum and maximum temperatures are 24.3°and 32.9°C, respectively. The district receives rain under the influence of both southwest and northeast monsoons. The northeast monsoon chiefly contributes to the rainfall to the study area. The average annual rainfall is 1,291 mm. The drainage pattern of the study area is generally sub-dentritic. Araniyar, Korattalayar, Cooum, Nagari and Nandhi are some important rivers drain along the eastern part of the study area. All the rivers are seasonal and carry substantial flows during the monsoon period. Korattaliar River water is supplied to Cholavaram and Red Hill tanks by the Anicut at Vellore Tambarambakkam.
Geology
The main geological formations occurring in the coast are upper Gondwana consisting of sand and silts that are Quaternary sand and clay underlain by tertiary formations (Subramanian and Selvan 2001) . The study area is equally covered by sand, silt and alluvium soil deposits. Regions around Minjur area are completely covered by coastal alluvium which lies in the east coast shoreline (Fig. 2) . In rare places, clay deposition is seen. Laterite deposit covers Sholavaram area and the rest of the places are covered by sand and silt deposits which extend from the Gummudipundi block. Along the northern coast of Chennai and Thiruvallur districts, an arenaceous formation called Coromandal formation of probable Holocene age has been recorded below the beach sand. This formation is essentially a quartz arenite which at places grades in depth to clayey sand and sandy clay. As per the Central Ground Water Board (2007), Pulal and Sholavaram blocks are categorized as semi-critical and Minjur block is overexploited. Villivakkam and Gummidipoondi are classified as being in safe condition among the other blocks of the study area.
Land use/land cover
The Thiruvallur Coast consists of the following land use categories such as water bodies, settlement with vegetation and vegetation, shallow water bodies, barren land and sand Fig. 2 Geology of the study area Appl Water Sci (2017) 7:263-274 265 cover from the result of maximum likelihood supervised classification carried out on enhanced thematic mapper (ETM?). A major part of the study area is occupied by the vegetation cover. Around 579.27 sq. km of the total area is occupied by vegetation, while around 388.3608 sq. km is occupied by barren land, otherwise known as waste land covers. Large water bodes are seen in 187.43 sq.km, whereas shallow water bodies such as ponds and small tanks occupy 74.18 sq.km of the study area. Settlements with vegetation cover 164.83 sq.km of the study area. This vegetation mainly includes trees such as coconut, mango, drumstick, neem and some fruit varieties.
Drainage
The flow of subsurface water in a terrain depends on the drainage pattern. The drainage map of the study area has been prepared (Fig. 3) . Araniyar, Korattalayar, Cooum, Nagari and Nandhi are the important rivers. The drainage pattern, in general, is dendritic. All the rivers are seasonal and carry substantial flows during the monsoon period. Korattaliar River water is supplied to Cholavaram and Red Hill tanks by the Anicut at Vellore Tambarambakkam. After filling a number of tanks on its further course, the river empties into the Ennore creek a few kilometers north of Chennai. The Cooum River, flowing across the southern part of the district, has its origin in the surplus waters of the Cooum tank in Tiruvallur Taluk and also receives the surplus waters of a number of tanks. It feeds the Chembarambakkam tank through a channel and finally drains into the Bay of Bengal.
Materials and methods
Fourteen groundwater samples were collected in the entire study area during the pre-monsoon of 2012 and post- Fig. 3 Drainage of the study area monsoon period of 2013. The samples were collected in 1 l capacity polythene bottles. Prior to the collection, the bottles were thoroughly washed with diluted HNO 3 acid, and then with distilled water before filling the bottle with the sample. pH, EC and TDS were measured at the sample collection site using a water analysis kit . The groundwater samples (borewell and dug well) collected were analyzed for various physicochemical parameters as described by the American public health association (APHA 1995) . Sodium (Na) and potassium (K) were analyzed by flame photometer (ELICO CL354); calcium (Ca) and magnesium (Mg) were determined titrimetrically using EDTA standard solution. Bicarbonate (HCO 3 ) was estimated by titration with H 2 SO 4 standard solution. Chloride (Cl) was determined by titrating against AgNO 3 standard solution and sulfate (SO 4 ) using spectrophotometer (ELICO SL 164).Nitrate and fluoride were determined using a spectrophotometer (Shimadzu UV-1800). The analytical precision for the measurements of ions was determined by calculating the ionic balance error that varied between 5 and 10 % (Domenico and Schwartz 1998) .
Results and discussion
The minimum, maximum, mean and standard deviation of physicochemical parameters of chemical analysis for the groundwater samples collected in the pre-and post-monsoon period are listed in Tables 1 and 2 . The pH of the water samples ranged from 6.9 to 8.2 with an average of 7.8 during the pre-monsoon and from 6.8 to 8.1 with an average of 7.3 during the post-monsoon period. The pH of groundwater is a very important indicator of its quality and controlled by the amount of dissolved CO 2 , carbonate and bicarbonate in groundwater (Ghandour et al. 1985) . EC is an indirect measure of ionic strength and mineralization of natural water. EC of the groundwater samples of the study area ranges from 590 to 2,410 lS/cm, with an average of 1,243 lS/cm, and 600 to 2,478 lS/cm, with an average of 1,273 lS/cm during the post-and pre-monsoon periods. Total dissolved solids (TDS), which are generally the sum of dissolved ionic concentration, vary between 413 and 1,687 mg/l with an average of 870 and 420, and 1,734 mg/l with an average of 891 mg/l during the post-and premonsoon periods. Lower pH (6.9, 7.8), EC (590 lS/cm, 600 lS/cm) and TDS (413 ppm, 420 ppm) were recorded in the samples collected from Keel Mudalambedu, Naidukuppam and Thervazhi during the post-and pre-monsoon periods. 
Geochemical classification
Trilinear plotting systems are used to study the water chemistry and quality (Piper 1944 ). On conventional trilinear diagrams, sample values for three cations (calcium, magnesium and alkali metals-sodium and potassium) and three anions (bicarbonate, chloride and sulfate) are plotted relative to one another. These ions are generally the most common constituents in unpolluted groundwater. Distinct zones within aquifers having defined water chemistry properties are referred to as hydrochemical facies (Vasanthavigar et al. 2010) . Determining the nature and distribution of hydrochemical facies can provide insight into how groundwater quality changes within and between aquifers. To understand the chemical characteristics of groundwater in the study region, groundwater samples were plotted in piper trilinear diagram (Piper 1944) using AquaCHEM software (Fig. 4) . Piper plot displays that groundwater samples can be classified into various chemical types for the post-and pre-monsoon periods. The dominant water types are in the order of NaCl [ mixed CaMgCl [ CaHCO 3 [ CaNaHCO 3 . However, most of the samples are clustered in the NaCl and CaMgCl segments. Water types (mixed CaHCO 3, mixed CaMgCl and NaCl) are widely present in the study area for both seasons and suggest the mixing of high salinity water caused from surface contamination sources, such as irrigation return flow, domestic wastewater and septic tank effluents with existing water followed by ion exchange reactions. However, mixed CaNaHCO 3 and CaHCO 3 water types suggest mineral dissolution and recharge of freshwater. In addition to piper diagram, Gibbs plots have been used to gain better insight into hydrochemical processes such as precipitation, rock-water interaction and evaporation (Figs. 5 and 6) . Gibbs (1970) demonstrated that if TDS is plotted against Na/(Na ? Ca), this would provide information on the mechanism controlling the chemistry of waters. Figures 5 and 6 display that groundwater samples were plotted mostly in the rock-water interaction field and a few samples in the evaporation zone for all the seasons. This observation suggests that dissolution of carbonate and silicate minerals is mostly controlled by the groundwater chemistry in the study area. However, few samples plotted in the evaporation zone reveal that surface contamination sources, for example irrigation return flow, seem to affect the groundwater quality in the study region. Both piper and Gibbs plots thus suggest that water chemistry is regulated by mixing of salinity water caused by surface contamination sources with existing water, ion exchange reactions, mineral dissolution and possibly evaporation.
Geochemical process
The results from the hydro chemical data are used to identify the geochemical processes and mechanisms responsible for the groundwater chemistry of the study area. The recognized processes are explained in detail in the following sections. The compositional relations among the dissolved ions can be used to assess the origin of solutes and the processes that result in water composition. The chemical data of water samples are plotted on Na vs. Cl scatter plot. The Na/ Cl relationship has often been used to identify the mechanism for acquiring salinity and saline intrusions. Sodium and chloride show a good correlation (Fig. 7) , indicating groundwater is probably controlled by water-rock interaction, most likely derived from the weathering of calcium-magnesium silicates, chiefly from calcite, plagioclase, gypsum and feldspar (Srinivasamoorthy et al. 2011) .However, increased concentration of HCO 3 compared to Na concentration (Fig. 8 ) in groundwater suggests that silicate weathering also occurs (Fisher and Mullican 1997) . Evidences of silicate weathering can be explained by the relationships of Ca ? Mg versus HCO 3 (Fig. 9) . In general, the evaporation process would cause an increase in concentration of all mineral species in water. The plot of Ca ? Mg vs. total cations shows that the data fall on the 1:1 trend line, reflecting Na and K as the major contributor for the increase of TDS (Fig. 10) . From (Fig. 11) , increase in alkalinity corresponds to the simultaneous increase of Cl ? SO 4 suggesting a common source for these ions. The increased Na content which is an index of weathering suggests that ions result from silicate weathering or dissolution of soil salts, the excess of Na ? K over Cl suggests silicate weathering and also that the higher concentration of alkalis is from sources and precipitation ). The Na ? K vs. total cations scatter diagram (Fig. 12 ) of the study area shows that most of the sample points fall below the trend line. This suggests that the cations in the groundwater might have been derived from silicate weathering. 
Conclusion
High TDS groundwater is present in coastal alluvium regions, while the groundwater that occurs in other geological formations is of fresh to medium quality, showing the influence of geology on groundwater quality. Most of the monsoon rainfall moves away from the study area as surface runoff, which is clearly shown by insufficient change in water quality. The order of abundance of ions are Na [ Ca \ Mg \ K and Cl \ HCO 3 \ SO 4 \ NO 3 . The geochemical facies of classification of groundwater shows that most of the samples are of mixed NaHCO 3 type and the remaining samples are Na-Cl type and mixed Ca-MgCl type. This suggests that the mixing of high salinity water caused from surface contamination sources such as irrigation return flow, domestic wastewater and septic tank effluents with existing water, followed by ion exchange reactions processes, silicate weathering and evaporation are responsible for the groundwater chemistry of the study area. The scatter plot of Na/Cl shows good correlation, indicating that the groundwater chemistry is probably controlled by rock-water interaction. Evidences of silicate weathering can be explained by the relationships of Ca ? Mg versus HCO 3 . In addition to piper diagram and scatter plots, Gibbs plots were also used to understand the hydrochemical processes. In the Gibbs plots, most of the samples fall in evaporation dominance zone.
